Abstract. The development of micro lens arrays has garnered much interest due to increased 
Introduction 19
As miniaturized systems become more prominent, development of micro lenses and micro lens arrays are 20 needed in various applications; such as, imaging [1] , optical sensors (e.g. biosensors [2-3]), 3D endoscopy 21 [4] , energy [5] , and light coupling [6] . The benefits of miniaturized systems utilizing micro lenses include 22 decreased system size, lower cost, and better portability. These applications have garnered much interest 23 in the past decades as researchers investigated various manufacturing methods, characterization methods, 24 process control approaches, and lens materials in an effort to create and study these systems. 25
Glass has been a commonly used lens material due to its excellent light transmittance, good 26 environmental and dimensional stability, and high mechanical strength. The studies of glass micro lenses 27 and lens arrays have been conducted for a relatively long time compared to other materials, such as 28 polymeric materials [7] . However, polymeric materials have become a promising alternative for several 29 reasons. One advantage is the density of polymeric material, which is about 2-5 times lower than glass [7] . 30 Another advantage is that polymeric materials are often easy to manufacture, which can greatly decrease 31 the manufacturing cost of micro lenses and lens arrays. Polymeric lenses and lens arrays are typically 32 created using thermoplastic/thermosetting or UV-curable polymers [8] [9] [10] [11] [12] [13] . Among polymeric materials, 33 PDMS has attracted significant attention due to its low cost, flexibility, good biocompatibility, ability to 34 be thermally cured or UV cured, and high light transmittance [14] . The transmittance of PDMS is about 35 85% at the wavelength range of 290-1100nm [15] . Typically, PDMS was used as the mold material in 36 molding process [16] [17] . However, PDMS is also a good lens material and the PDMS lens and lens array 37 can be fabricated using replica molding [18] [19] , printing [13] , and femtosecond laser machining [20] . 38 Among all these manufacturing methods, molding method has the advantages of low cost, high 39 production rate and is widely used in industry. However, it requires expensive and sophisticated facilities 40 to make molds, which limits its application in small volume fabrication, especially for customized 41 products. Femtosecond laser scanning is also a rapid manufacturing method, but the surface of the micro 42 lens and lens array is not optically perfect. force in the lens forming process, and studied a manufacturing method to fabricate PDMS micro lens 26 arrays using a spin coating technique under a multiphase system. Surfactants are used to change the 27 substrate's wetting ability, while solvents are used to dilute the PDMS, which changes the rheological 28
properties and surface tension of the coating material. The influence of material properties and process 29 parameters on the final structure of the fabricated micro lenses and lens arrays is examined. 30
Manufacturing process 31
As discussed above, PDMS is an ideal material for micro lenses due to its good optical properties and low 32 cost. In this research, PDMS micro lens arrays were fabricated using a spin coating procedure. A stainless 33 steel sheet with through holes was used instead of a solid substrate during the spin coating procedure. 34
This perforated sheet plays an important role in the lens forming process, and this substrate also becomes 35 the aperture of the formed micro lens array to block stray light. Figure 1 The acrylic holder (38.1 mm × 38.1 mm × 3.175 mm) was fabricated using a laser engraver 40 (Speedy300TM, trotec®) to engrave a square pocket of 25.4 mm × 25.4 mm and 1.5 mm deep in the 41 center of the acrylic. The perforated sheet was adhered to the acrylic holder using double sided adhesive 42 tape. Premixed and degassed PDMS (Sylgard® 184 silicone elastomer kit, base and curing agent mixed at 43 a ratio of 10:1, Dow Corning) was deposited on the perforated substrate using a syringe ( figure 1(a) ). A 44 uniform and thin PDMS layer was obtained after spin coating on a SCK 200 spinner (Intras Scientific) 45 ( figure 1(b) ). Coating material amount, angular velocity and spin coating time can be used to adjust the 46 film thickness. In this research, we deposited 0.8 ml coating material (PDMS or diluted PDMS in this 47 research) on the perforated steel substrate, and spin coated at 2000 RPM for 30 s. Due to the geometry of 48 the through holes, capillary force, and gravity, a protuberance was formed in each hole and can be used as 1 a micro lens after curing (figure 1(c)). Because the lens is formed in an interfacial tension dominant 2 system, it can form concave or convex shaped lenses (figure 1(d), (e)) by adjusting the combination of 3 PDMS/steel interfacial tension, PDMS/air interfacial tension and steel/air interfacial tension. In this 4 research, we studied the influence of the substrate pretreatment and coating material (lens material) 5
properties on the lens shape. light. The radius of curvature is negative at the concave side and infinite at the plano side. The refractive 11 index of air is approximately 1. By using the assumption of thin lens, the focal length can be calculated 12 using the simplified lens maker's equation, as described by equation 1. This equation is used to calculate 13 the focal length in this study. Figure 1 (e) shows the schematic of a convex-plano lens, which is a positive 14 lens that is mainly used for converging lights). The radius of curvature is infinite at the plano side, but it 15 is positive at the convex side. 16
17
The focal length (equation 1) is calculated as 18
where, is the focal length;
is the refractive index of the lens; 1 is the radius of curvature on the 20 curved side, which is concave or convex. The profile of the lens was measured using a white light 21 interferometer (NewView 6000, Zygo) and the radius of the lens can be fit using the software Gwyddion 22 (Czech Metrology Institute). The focal length was then calculated using equation 1 with = 1.4 for 23 PDMS [27] , and also measured using a customized focal length measurement system [10]. 24
Surface treatment 25
In this research we studied the influence of substrate surface treatment on the lens shape by varying surfactant 26 (detergent, Dawn) concentration used to treat the perforated sheet, from 0 mL/L to 100 mL/L. The surfactant is a 27 commercial detergent and the main ingredients of the detergent are Sodium Lauryl Sulfate, Sodium Laureth 28 Sulfate, Lauramine Oxide, PEG-8 Propylheptyl Ether, and PEI-14 PEG-10/PPG-7 Copolymer [28] . To 1 treat the surfaces we first cleaned the perforated sheets in an ultrasonic bath of ethanol for 1 hour, followed by 2 deionized water (DI) washing, and finally drying with pressurized clean air. The cleaned perforated sheets were then 3 immersed in DI water with various surfactant concentrations in an ultrasonic bath for 1 hour and dried at 60 °C for 1 4 hour. These surfactants coated perforated sheets were used as substrates in the spin coating procedure. After spin 5 coating lens material, samples were directly cured in an oven at 60 °C for 2 hours. To explore the influence of 6 surface treatment on the interfacial tension, contact angle measurements of PDMS droplets on the same stainless 7 steel (without holes) with the same surface treatment were conducted. 8
Surfactant is expected to change the surface tension of the material. P. Somasundaran et al. have conducted some 9 research on the influence of surfactant on the wettability of solid substrates, such as alumina. Their study showed 10 that without surfactant, alumina exhibits hydrophilicity. As the concentration of surfactant increased, the alumina 11 began to show hydrophobicity, as indicated in Figure 2 [29]. In this study, we pre-coated different amounts of 12 surfactant on the stainless steel. The changing hydrophobicity of the coated perforated steel surface will affect the 13 interfacial tension, which can be observed by the change in contact angle. The interfacial tension will also impact the 14 final shape of the lens. More detail about surface treatment mechanism is a topic of interest for future 15 studies. 
Material properties 19
Besides surface treatment, the properties of the coating material will also affect the lens shape. To investigate the 20 influence of the coating material, we diluted PDMS using hexanes (Reagent Grade, VWR) to obtain different 21 coating material properties, i.e. surface tension and viscosity. The concentration of diluted PDMS solution 22
varied from 30% to 100%. To measure the contact angle, the diluted PDMS droplet was deposited on plain 23 sheets (without holes) of the same stainless steel material. Contact angles of materials with different PDMS 24 concentrations to substrates were measured and compared. The viscosity of the diluted PDMS was measured using 25 an ARES G2 strain-controlled rheometer (TA Instruments). Steady state viscosity data was collected at room 26 temperature over the shear rate range 10 to 100 s -1 using recessed concentric cylinder geometry (cup diameter  27 29.987 mm, bob diameter 27.665 mm). The material was sheared for 30 s at each specified shear rate then data was 28 collected and averaged over 10 s to give a viscosity value for each point. The thickness of the thin film on the 29 unperforated steel sheet was measured using a profilometer (DektakXT, Bruker). The profilometer has a 30 stylus with a radius of 12.5 µm. Data was collected in the range of 6.5 µm. The speed of measurements 31 was 10 µm/s and stylus force was adjusted to 0.1 mg. The reported thickness is the average of three 32 measurements. 33 surfactant concentration is small (less than 7mL/L), the radius of curvature is very large, and the formed 8 lens is close to flat plate rather than microlens. Moreover, when radius of curvature of the lens is large, 9 the curvature of the other surface (which we assumed as flat surface) begins to show influence. Therefore, 10
Results and Discussion
we only consider lenses formed with surfactant concentration above 7 mL/L. 
Effects of Materials properties 6

Materials property characterization.
To change the material properties, like viscosity and surface tension, we 7 diluted PDMS using hexanes. To avoid the influence of material curing, we only used neat PDMS resin in the 8 viscosity measurements (no curing agent was used). The normalized viscosities of the diluted PDMS solutions were 9 measured and the results were plotted in figure 7. Since the viscosity of hexanes is much lower than pure PDMS, the 10 presence of hexanes, decreases the viscosity of diluted PDMS. Figure 7 shows that when the PDMS concentration is 11 less than 70%, the normalized viscosity is low, after that, the normalized viscosity increases rapidly, especially from 12 90% to 100%. Figure 8 shows the relationship between film thickness and the hexanes-diluted PDMS concentration with 3 both bare stainless sheet and pretreated sheet. When we increased PDMS concentration, the solution's 4 viscosity increased, resulting in a thicker film on the substrate after the spin coating process. When the 5 concentration is lower than 30%, it is difficult to form lenses on the perforated stainless steel sheet, and 6 difficult to measure the thickness on the solid substrate using the profilometer. This figure indicates that 7 the viscosity of the lens material has a strong effect on the film thickness. By comparing the bare 8 substrate data (blue columns with dashed line fillings) to the pretreated substrate data (red solid columns), 9 similar trends are observed and the film thicknesses of both conditions increased with increasing of 10 PDMS concentration. This figure indicates that the viscosity of the coating material has a larger impact on 11 thickness than the pretreatment process. Contact angles of the diluted PDMS to the bare stainless steel sheets and pretreated stainless steels were 1 measured and plotted in figure 9 . Due to the presence of hexanes, the diluted PDMS has a smaller contact 2 angle with the substrate compared to pure PDMS (100%). With the decrease of PDMS concentration from 3 100% to 40%, the contact angle decreased from 16.9 º to 10.7 º on the pretreated substrate, and decreased 4 from 11.8 º to 5.4 º on the bare substrate. Contact angles of 30% samples were too small to measure. By 5 comparing the red solid data (using the pretreated substrate) with the blue data (columns with dashed line 6 fillings, using the bare substrate), it can be seen that the surfactant pretreatment increased the contact 7
angle, meaning the substrate becomes more hydrophobic after pretreatment. 8 9 Figure 9 . Contact angle changes with PDMS concentration in hexanes. 10
Effects of material property on lens shape and focal length.
In this section, we used diluted PDMS 11 as a coating material. We used bare perforated stainless steel sheets, and pretreated (using 20mL/L 12 surfactant concentration) perforated stainless steel sheets as substrates. The results are plotted in figure 10. 13
Figure 10(a) shows the case when the PDMS concentration is less than 70%, the radius of curvature is 14 negative and therefore the lens shape is concave. The absolute value of radius of curvature increased with 15 the increases of PDMS concentration when the concentration is less than 70%. Comparing the results 16 from substrates with and without pretreatment (red solid columns and blue columns with dashed line 17 fillings in figure 10 ) shows that the radius from bare substrates is slightly larger than that of the pretreated 18 substrates. In this lens forming process, we could not form lens when PDMS concentration was 30% with 19 bare substrates; however, it worked when we use pretreated substrates. Again, this indicates that the 20 pretreatment process changed the wettability of the coating material to the substrate. When the PDMS 21 concentration is equal or larger than 70%, the radius of curvature is positive. For the lenses which were 22 formed on the bare substrates, lenses radii were larger than 7 mm, meaning the curves were close to flat 23 (the different sign of radius of curvature at figure 5(a) and figure 10(a) with pure PDMS, bare substrate is 24 due to the fit error, since both of them indicate that the curves are close to flat). For lenses formed on 25 pretreated substrates, all the radii were less than 5 mm, and decreased with increasing PDMS 26 concentration. Figure 10 other except the data when PDMS concentration is 70%. The calculated focal length was based on the 31 assumption that one side of the lens is flat and the other side has a radius of curvature, and the thickness 32 of the lens was also neglected. However, in reality the other side of the lens is not absolute flat (due to 33 surface tension) and the thickness of the lens also has influence. For the 70% PDMS case, the curved side 34
has a large radius of curvature, which made the flat side curvature and lens thickness more influential and 35 thus there is a large difference between measurement result and calculation result. When we only 36 considering one curved side, the calculated focal lengths for 60%, 70% and 80% PDMS concentrations is 37 -0.48 mm, 12.13 mm, and 2.82 mm, respectively. If we take the radius of curvature of 'plano side' into 38 PDMS concentration 0ml/l 20ml/l account, the calculated focal lengths become -0.21mm, 4.06 mm, 1.61 mm, which agreed with the 1 measured focal lengths better (-0.19 mm, 2.12 mm, and 1.06 mm). Therefore, the focal length of the 2 fabricated lens can be well calculated using equation 1 only when the radius of curvature of the curved 3 side is small. The effect of the 'plano side' needs to be considered when the radius of curvature of the 4 curved side is comparably large. The calculated data in this research shows that the focal lengths changed 5 from 0.25 mm to 4.06 mm, and the lens converted from divergence lens to convergence lens. 6 Figure 11 shows the typical profiles of lenses formed at different forming conditions. Figure 11(a) shows the lenses 7 formed on bare substrates. When PDMS concentrations were 70% and 100%, the lenses were flat (the black and 8 green lines in figure 11(a) ). When PDMS concentrations were 60% and 40%, concave shapes were formed (the 9 blue and red lines in figure 11(a) ). Figure 11(b) shows the lenses formed on pretreated substrates. When the PDMS 10 concentration was 100% (the green line in figure 11(b) ), the lens shape was convex, which is different compared to 11 the one formed on bare substrate. When the PDMS concentration was 70% (the black line in figure 11(b) ), the lens 12 shape was close to flat. When the PDMS concentrations were 60% and 40% (the blue and red lines in figure 11(b) ), 13 the shapes were concave. 
Optical properties 8
Surface roughness is one of the most important properties for an optical lens. A rough surface will scatter 9 light. We measured lens surface roughness by using a white light interferometer. The results indicated 10 that the roughness Ra is 40 nm on average ( figure 12(a) ). We also used a compound microscope (Zeiss 11
Axio Scope A1) with 20X magnification to take an image of the stainless steel perforated sheet (as shown 12 in figure 12(b) ), it indicates that the sheet has uniform holes with smooth edges. 13 Figure 13 (a), (b) are images of lenses which were formed using 100% PDMS in hexanes and 40% PDMS 14 in hexanes on pretreated substrate. The object distance and the object size in figure 13 (a) is 490 mm and 15 5.9 mm ×5.9 mm, respectively. The object distance and the object size in figure 13 (b) are 220 mm and 16 11.8 mm ×11.8 mm, respectively. Figure 13(c) shows the larger images of figure 13(b) using larger 17 magnification. The insert shows the Washington State University logo which is used as the object. Figure  18 13(d) shows the image of a PDMS micro lens array (peeled off from the template) taken by a compound 1 microscope with 10X magnification, and it shows that the lenses are uniform. Figure 14 shows the point 2 spread function (PSF) of the fabricated lens array (with 40% PDMS, 20 mL/L pretreatment) by using a 3
He-Ne laser and a 25µm aperture as the point light source. Figure 14 (a) shows the result using 2.4X 4 magnification, while figure 14(b) shows the result using 4X magnification. From figure 14(b) it can be 5 seen that the incident laser beam was focused to an array of spots with an average spot size 21μm (the 6 first order dark ring). 
